We investigated MEK and D1 receptors in the ventromedial prefrontal cortex (vmPFC) in consolidation and reconsolidation of recognition memory in rats nonhabituated to the experimental context (NH) or with reduced arousal due to extensive prior habituation (H). The D1 receptor antagonist enhanced consolidation and impaired reconsolidation in NH but impaired consolidation with no effect on reconsolidation in H. The D1 receptor agonist had no effect on consolidation in either H or NH but impaired reconsolidation in both groups. The MEK inhibitor impaired consolidation and reconsolidation, regardless of arousal. Thus, vmPFC D1 receptors and MEK show differential involvement in memory and arousal.
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We investigated MEK and D1 receptors in the ventromedial prefrontal cortex (vmPFC) in consolidation and reconsolidation of recognition memory in rats nonhabituated to the experimental context (NH) or with reduced arousal due to extensive prior habituation (H). The D1 receptor antagonist enhanced consolidation and impaired reconsolidation in NH but impaired consolidation with no effect on reconsolidation in H. The D1 receptor agonist had no effect on consolidation in either H or NH but impaired reconsolidation in both groups. The MEK inhibitor impaired consolidation and reconsolidation, regardless of arousal. Thus, vmPFC D1 receptors and MEK show differential involvement in memory and arousal.
Evidence indicates that the prefrontal cortex (PFC) plays an important role in long-term recognition memory processes (Meunier et al. 1997; Ragozzino et al. 2002) . Indeed, we have recently shown that both protein synthesis and NMDA receptors are required for consolidation and reconsolidation of recognition memory in the ventromedial PFC (vmPFC) (Akirav and Maroun 2006) . Dopamine D1 receptors play an important role in prefrontal function, such as working memory, and there is evidence that dopamine D1 receptor activity can modulate plasticity (Gurden et al. 2000; Chen et al. 2007; Nagai et al. 2007; Rinaldi et al. 2007; Vijayraghavan et al. 2007 ). It has been suggested that the dopamine D1 receptor extracellular signal-regulated kinase (ERK1/2) signaling pathway in the PFC is critically involved in molecular adaptations that are necessary for long-term behavioral and neuronal plasticity (Nagai et al. 2007 ). The phosphorylation of ERK has been shown to be a correlate for plasticity (for review, see Sweatt 2004 ) and long-term memory for taste (Berman et al. 1998) , fear conditioning , and spatial tasks (Blum et al. 1999; Hebert and Dash 2002) . Nagai et al. (2007) have found that dopamine D1 receptors regulate protein synthesis-dependent long-term recognition memory via ERK in the PFC.
Exposure to stress is known to precipitate many neuropsychiatric disorders such as depression and schizophrenia (Mazure 1995) . These disorders involve memory deficits caused by PFC dysfunction (Mattes 1980; Weinberger et al. 1986; Deutch 1993; Fibiger 1995) . Experimental evidence has shown that acute mild stressful stimuli such as exposure to novelty increases dopamine (DA) and dopamine metabolism in the PFC, producing working memory impairment that can be blocked by agents that prevent the increase in DA turnover (Murphy et al. 1996; Enrico et al. 1998; Takahata and Moghaddam 1998; Ihalainen et al. 1999; Feenstra et al. 2000; Del Arco and Mora 2001) .
We have recently shown that novelty or familiarity with the experimental arena, which differentially affects the arousal level of the rat, also has a differential effect on consolidation and reconsolidation of object recognition memory. Specifically, learning was tested under two arousal conditions: no previous habituation to the experimental context (high novelty stress/arousal level) or extensive prior habituation to the experimental context (reduced novelty stress/arousal level). We found that the nonhabituated aroused rats were impaired when consolidation was examined, but their memory was intact following reactivation of the memory trace. Furthermore, microinjection of a beta-adrenergic blocker to the basolateral amygdala (BLA) immediately after the training resulted in intact retrieval (Maroun and Akirav 2007) .
In this study, we investigated the involvement of dopamine D1 receptor-MEK signaling pathway in the vmPFC in consolidation and reconsolidation of recognition memory under two arousal conditions: high (no previous habituation) or low (extensive prior habituation).
The subjects were 138 male Sprague-Dawley rats (;60 d old, 250-300 g), caged individually at 22 6 2°C under 12-h light/12-h dark cycles. All tests were performed between 10 a.m. and 4 p.m. The experiments were approved by the University of Haifa Ethics and Animal Care Committee, and adequate measures were taken to minimize pain or discomfort in accordance with the guidelines laid down by the NIH in the U.S. regarding the care and use of animals for experimental procedures.
The object recognition task is described in Maroun and Akirav (2007) . Briefly, the objects were located in squared black open field (50 3 50 3 50 cm) under dim light and were fixed to the floor of the open field arena, 10 cm from the walls. The objects used were children's toys. The open field and the objects were thoroughly cleaned between trials with odorous clean wipes.
Exploration was defined as sniffing or touching the object with the nose and/or forepaws. A discrimination index calculated for each animal was expressed as TN/(TN + TF) [TF = time spent exploring the familiar object; TN = time spent exploring the novel object]. Intact recognition memory in the test phase is reflected in a discrimination index higher than 0.5, which implies greater exploration of the novel object. T-test, ANOVA, and the least significant difference multiple comparison test were used to assess behavioral data.
About half of the rats were habituated to the experimental apparatus by allowing them to explore it for 5 min twice a day for 4 d before the experiment was performed (habituated, or H). No object was placed inside the arena during habituation. The other half were not habituated to the experimental apparatus, only handled once a day for 2 d in their home cage (nonhabituated, or NH). We assessed the level of arousal in habituated and nonhabituated rats using the open-field test, with no objects. Figure 1 shows that NH rats spent significantly less time exploring the central areas as compared with the habituated rats (t (12) = 5.2, P < 0.001), which suggests higher anxiety levels in the nonhabituated rats.
To test whether D1 receptors and MEK pathway are necessary for consolidation, on day 1 (sample phase), each rat was placed in the open field arena and allowed to explore two different objects for 5 min (A and B). Drugs or vehicle were microinjected to the vmPFC immediately following the sample phase. On day 2 (test phase), the rats were presented with a duplicate of an object from the sample trial and a novel object (A and C) for 5 min. All figures indicate discrimination index in the test phase.
To test whether D1 receptors and MEK pathway are necessary for reconsolidation, on day 1 (sample phase), each rat was placed in the open field arena and allowed to explore two different objects for 5 min (A and B). On day 2 (reactivation), they were exposed to the same two sample objects for a 5-min period to reactivate the memory trace (A and B). Drugs or vehicle were microinjected to the vmPFC immediately following the reactivation phase. On day 3 (test phase), the rats were presented with a duplicate of an object from the sample trial and a novel object (A and C) for 5 min. All figures show discrimination index in the test phase.
Microinjection was performed via chronically implanted cannulae. Rats were implanted bilaterally with a guide stainless cannula (23 gauge) aimed at the infralimbic (IL) and prelimbic areas (PL) (together they compose the vmPFC; anteroposterior, +3 mm relative to bregma; lateral, 60.5 mm; ventral, -5 mm). Animals were allowed 1 wk to recuperate. For microinjection, a 28-gauge injection cannula, extending 1 mm from the tip of the guide cannula, was inserted. The injection cannula was connected via PE20 tubing to a Hamilton microsyringe driven by a microinjection pump (CMA/100; Carnegie Medicin). Microinjection was performed bilaterally in a 0.5-mL volume per hemisphere delivered over 1 min. The injection cannula was left in position before withdrawal for an additional 1 min to minimize dragging of the injected liquid along the injection tract. The dopamine D1 receptors antagonist SCH 23390 hydrochloride (SCH; 8 mg/0.5 ml) and agonist SKF (SKF; 10ng/0.5 ml) were dissolved in saline (0.9%) (Sigma). The MEK inhibitor PD 98059 (PD; Sigma) (50 mM/ 0.5ml) was dissolved in 0.5% DMSO and saline, which was also used as control.
At the completion of the behavioral experiments animals were deeply anesthetized and microinjected into the vmPFC with 0.5 mL of India ink. Frozen brain slices (60 mm) were examined under a light microscope following Nissl staining to verify the cannula location. Placements of the cannulae were found to be correct in all injected rats (Fig. 2) .
To examine the effects of DA and MEK inhibition on consolidation of the recognition task, eight groups of habituated and nonhabituated rats were exposed to the sample phase on day 1. Immediately afterward, they were microinjected into the vmPFC with vehicle or the drugs (Fig. 3A) . A two-way ANOVA conducted on discrimination index on day 2 (arousal: habituated/ nonhabituated; drug: drug/vehicle) revealed significant effects of the drug (F (3,59) = 10.304, P < 0.0001) but not arousal (F (1,59) = 0.608, NS). The interaction between arousal and drug (F (3,59) = 16.044, P < 0.0001) was significant, indicating that the drugs had different effects in the different arousal levels. Further analyzing the data showed a significant difference between the groups in discrimination index in the test on day 2 (F (7,59) = 14.694, P < 0.0001). Post-hoc comparisons revealed that, in the habituated group, both PD and SCH microinjected rats spent significantly less time exploring the new object as compared with the control (PD: P < 0.0001; SCH: P < 0.001). In contrast, the SKF group was not different from the control group.
In the nonhabituated groups, SCH microinjected rats spent significantly more time exploring the new object as compared with the control, the PD, and the SKF groups (control: P < 0.001; PD: P < 0.001; SKF: P < 0.0001), indicating that SCH-treated rats had intact long-term recognition memory. Further, there was no significant difference between the groups in discrimination index during the sample phase (day 1; data not shown) (F (7,59) = 1.3, NS).
A significant difference in total exploration time was found between the H and the NH groups (t (65) = 3.75; P < 0.001), showing that the NH animals spent significantly more time exploring the objects compared with the H animals. This difference in exploration time between H and NH animals is consistent with our previous findings (Maroun and Akirav 2007 ) and with reports suggesting a decrease in exploratory activity as a function of repeated exposure to the same environment (Hui et al. 2005) .
To test the consolidation window of MEK inhibition in H rats, we microinjected PD 3 h following the sample phase. Our results show that 3 h following acquisition of the task, the memory trace is no longer susceptible to disruption by PD (Vehicle: 0.67 6 0.03, n = 5; PD: 0.63 6 0.04, n = 5). This suggests that the effects of the drugs on consolidation cannot be attributed to neurotoxicity or general impairment.
To examine the effects of DA and MEK inhibition on reconsolidation of the recognition task, eight groups of habituated and nonhabituated rats were exposed to the sample phase on day 1. Twenty-four hours afterward, they were microinjected to the vmPFC with vehicle or the drugs following reactivation (Fig. 3B) . A two-way ANOVA conducted on discrimination index on day 3 revealed significant effects of the drug (F (3,53) = 15.08, P < 0.0001) and the interaction between arousal and drug (F (3,53) = 5.89, P = 0.001) but not of the arousal (F (1,53) = 0.001, NS). Further analyzing the data showed a significant difference between the groups in discrimination index in the test on day 3 (F (7,53) = 9.273, P < 0.0001).
Post-hoc comparisons revealed that in the habituated group, both PD and SKF microinjected rats spent significantly less time exploring the new object as compared with the control rats (PD: P < 0.001; SKF: P < 0.0001). In contrast, no difference was observed between the SCH-treated rats and the control group. In the nonhabituated groups, the drug-treated rats spent significantly less time exploring the new object as compared with the control group (PD: P < 0.01; SCH: P < 0.01; SKF: P < 0.05). Further, there was no significant difference between the groups in discrimination index during the sample (F (7,53) = 1.086, NS) (day 1; data not shown) or the reactivation phase (F (7,53) = 1.576, NS) (day 2; data not shown).
We examined the effects of post-training activation and blockade of D1 receptors and MEK blockade in the vmPFC on consolidation and reconsolidation of object recognition memory in rats with either low or high level of arousal due to prior habituation/no habituation to the experimental arena. The D1 receptor antagonist SCH impaired 24-h retention in rats that were well habituated before the training, corroborating other reports showing that D1 receptors are important for the consolidation of PFC-dependent tasks (Hotte et al. 2005; Izquierdo et al. 2007; Nagai et al. 2007 ). However, D1 blockade enhanced 24-h retention in rats that were not previously habituated to the experimental context. An opposed effect of the arousal level was observed when the memory trace was reactivated. Specifically, D1 blockade did not affect reconsolidation in rats that were habituated before the training but impaired reconsolidation in rats that were not previously habituated to the experimental context. Taken together, these findings suggest a differential involvement of D1 receptors in the vmPFC in memory consolidation and reconsolidation of object recognition and that these effects on memory depend on the level of emotional arousal associated with initial encoding. In contrast, H and NH rats were microinjected with the D1 receptor agonist SKF showed intact and impaired performance, respectively, on the 24-h retention test. However, when the memory trace was reactivated, D1 activation impaired reconsolidation in both H and NH rats.
Finally, microinjecting the MEK inhibitor PD to the vmPFC post-training resulted in impaired consolidation and reconsolidation in both H and NH rats. These findings are consistent with those of several reports showing that activation of the MEK signaling cascade is necessary for consolidation of different forms of long-term memory (Brambilla et al. 1997; Atkins et al. 1998; Berman et al. 1998; Blum et al. 1999; Kelleher et al. 2004) including object recognition (Bozon et al. 2003; Kelly et al. 2003) and for memory reconsolidation (Kelly et al. 2003; Duvarci et al. 2005; Cestari et al. 2006; Nagai et al. 2007) .
It has been suggested that working memory performance is optimized when there is a normal range of dopamine transmission in the PFC that can be described as an ''inverted-U'' relationship (Zahrt et al. 1997; Phillips et al. 2004; Anstrom and Woodward 2005; Williams and Castner 2006) . Stress and novelty that increase extracellular and DA turnover may drive release-dominated systems such as the medial PFC out of optimal ranges and result in impaired performance in a memory task. Indeed, exposure to stress that induced increased DA transmission was reported to impair certain types of PFC-dependent memory tasks, such as working memory. These impairments were reversed by agents that prevented the increase in DA turnover (Murphy et al. 1996; Arnsten and Goldman-Rakic 1998) . Stress-induced dopamine release is partly influenced by circulating glucocorticoid levels (Piazza et al. 1996; Rouge-Pont et al. 1998; Marinelli and Piazza 2002) , which also increase in response to stress. It has been reported (Okuda et al. 2004 ) that nonhabituated animals have higher levels of corticosterone than habituated animals corroborating with our results showing that nonhabituated animals are Figure 3 . Differential effect of D1 activation and blockade and MEK inhibition on consolidation and reconsolidation of recognition memory in habituated vs. nonhabituated rats (A). In habituated rats, D1 and MEK inhibition (SCH and PD, respectively) impaired consolidation of recognition memory compared with the vehicle group (***, SCH: P < 0.001; PD: P < 0.0001) whereas D1 activation (SKF) had no effect. In nonhabituated rats, SCH facilitated consolidation compared with the vehicle group (***, P < 0.001). No significant difference was found between the vehicle, PD, and SKF groups. (B). In habituated rats, MEK inhibition (PD) and D1 activation (SKF) impaired reconsolidation of recognition memory compared with the vehicle group (***, PD: P < 0.001; SKF: P < 0.0001), whereas D1 blockade (SCH) had no effect. However, in nonhabituated rats, all drug treatments impaired reconsolidation compared with the vehicle group (**, SCH: P < 0.01; PD: P < 0.01; *, SKF: P < 0.05).
Dopamine and MEK in vmPFC and recognition memory www.learnmem.org more stressed than habituated (Maroun and Akirav 2007) . Additionally, post-training corticosterone injections (Okuda et al. 2004) or exposure to the elevated platform stressor (Maroun and Akirav 2007) enhanced the performance of the NH rats in a test given 24 h after training.
In line with this, we suggest that blocking D1 receptors in the mPFC in NH rats affects the inverted U-shaped function so that SCH restores performance in the consolidation of recognition memory of NH rats but impairs consolidation in H animals. In NH rats the D1 blockade optimizes the levels of DA and in H it impairs the normal range of DA transmission. Similarly, it has been shown that pretreatment with the D1 antagonist SCH may block stressrelated deleterious cognitive consequences (Arnsten and GoldmanRakic 1998) . Hence, D1 receptor agonist and antagonist were found to have opposite effects on consolidation; H rats showed impaired and intact performance with SCH and SKF, respectively. NH rats show impaired and intact performance with SKF and SCH, respectively. This is in accordance with the inverse U-shaped curve of D1 receptor functions in which D1 agonist rats show good performance with low arousal (H) and impaired with high arousal (NH). Hence, low DA levels (SCH to H rats) or high DA levels (NH vehicle and NH SKF) would result in impaired performance. However, intermediate levels of DA (H vehicle, H SKF, NH SCH) would result in intact performance. This is in accordance with a recent study by Herold et al. (2008) that has shown that in pigeons performing a working memory task D1 agonist to the avian functional analog of the PFC was able to improve or to decrease performance during low or strong performance periods, respectively.
Yet, another explanation for the effect on consolidation may be that SCH may enhance memory consolidation in animals with otherwise poor memory and impair memory if the controls already show good memory. Indeed, there is data suggesting that D1 receptor activity can exert differential effects over PFC function, depending on the strength of the memory trace (Floresco and Phillips 2001) .
The differential effects of the D1 antagonist and agonist on reconsolidation further support previous arguments suggesting that consolidation and reconsolidation may be distinct memory processes although they might share mechanisms and even functions (Nader et al. 2000; Sara 2000; Dudai and Eisenberg 2004; Alberini 2005; Dudai 2006 ). The data demonstrate that consolidation and reconsolidation of recognition memory in the PFC are differentially influenced by D1 related mechanisms and this may suggest that these are two distinct memory processes. Yet, another possibility is that consolidation and reconsolidation are similar processes with different dopaminergic dose response curves. According to these hypotheses, using different doses of D1 activation and blockade for consolidation and reconsolidation may result in a similar outcome.
This study suggests the existence of a close relationship between cortical dopaminergic neurotransmission and learning under emotional conditions and may be important to our understanding of the role of D1 receptors in the PFC in stress-related disorders.
